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Description 
TECHNICAL FIELD 



PPM. It is desirable to have an advance warning of any 
such impending condition to prevent damage to the 
stack and trigger early corrective action. 



This invention relates to method and apparatus for 
monitoring PEM fuel cell stacks, and initiating corrective 
action when undesirable stack operating conditions are 
indicated. 

The Government of the United States of American 
has rights in this invention pursuant to Contract No. DE- 
AC02-90CH10435 awarded by the United States 
Department of Energy. 

BACKGROUND OF THE INVENTION 

Fuel cells had been proposed as a power source fbr 
many applications. So-called PEM (proton exchange 
membrane) fuel cells [a.ka. SPE (solid polymer electro- 
lyte) fuel cells] potentially have high energy and low 
weight, and accordingly are desirable for mobile appli- 
cations (e.g., electric vehicles). PEM/SPE fuel cells are 
well known in the art, and include a "membrane elec- 
trode assembly" (a.ka. MEA) comprising a tiiin. proton 
transmissive. solid polymer membrane-electrolyte hav- 
ing an anode on one of its laces and a cathode on the 
opposite face. The membrane-elecbrode-assembly is 
sandwiched between a pair of electrically conductive 
elements which serve as current collectors fbr the 
anode and cathode, and contain appropriate channels 
and/or openings therein for distributing the fuel cell's 
gaseous reactants over the suriaces of the respective 
anode and cathode catalysts. The channels/openings 
for ttie reactants are often referred to as "flow chan- 
nels". A plurality of individual cells are commonly bun- 
dled together to form a PEM fuel cell stack. 

PEM fuel cells are typically H2-O2 fuel cells wherein 
hydrogen is the anode reactant (i.e., fuel) and oxygen is 
the cathode oxidant The oxygen can eitiier be in a pure 
form (i.e.. O2), or air (I.e., O2 admixed with N2). The 
solid polymer membranes are typically made from ion 
exchange resins such as perfluoronated sulfonic acid. 
One such resin is NAFION™ sold by E. I. DuPont deNe- 
meors & Co. Such membranes are well known in the art 
and are described in U.S. Patent 5,272,017 and 
3.134,697. and In Journal of Power Sources, Volume 29 
(1990), pages 367-387, inter alia. The anode and cath- 
ode themselves typically comprise finely divided cariDon 
particles, very finely divided catalytic particles sup- 
ported on the internal and extemal surfaces of the car- 
bon particles and proton conductive resin intermingled 
witii tiie catalytic and carbon particles. One such mem- 
brane electrode assembly and fuel cell is described in 
U.S. Patent 5,272,017 issued December 21. 1993 and 
assigned to the assignee of the present invention. 

PEM fuel cell performance can degrade fbr a 
number of reasons such as carbon monoxide poisoning 
of the anode catalyst, which can occur when the CO- 
concentration in the H2 feed stream exceeds about 20 



5 SUMMARY OF THE INVENTION 

The present inversion contemplates method and 
apparatus for monitoring the performance of a stack of 
PEM fuel cells, and automatically triggering conrective 
10 action (e.g.. alert operator and/or initiate preventive pro- 
cedures) when the performance of the of the cells indi- 
cates the early stages of one or more undesirable 
operating conditions (e.g., high CO concentration) ttiat 
portends future stack difficulties (e.g. CO poisoning). 
IS The fuel cell stack conprises a plurality of individual fuel 
cells including a pair of end cells at opposite ends of the 
stack Each cell comprises (1) a proton exchange mem- 
brane {e.g., NAFION™) having an anode and cathode 
affixed to opposing first and second surfaces of tiie 
20 membrane. (2) a first f tow channel adjacent the anode 
fbr passing hydrogen into contact with the anode, and 
(3) a second f bw channel adjacent tiie cathode fbr flow- 
ing oxygen (preferably as air) into contact witii the cath- 
ode. The stack includes an oxygen-feed manifold and 
25 an hydrogen-feed manifold for supplying oxygen and 
hydrogen to the respective second (i.e., oxygen) flow 
channel and first (i.e.. hydrogen) flow channel. 

More specifically, tiie present invention contem- 
plates monitoring tiie current through, and voltage 
30 across, a constant load connected to a discrete auxil- 
iary fuel cell which is separate from the fuel celts consti- 
tuting the stack, but operated under the same corKlitions 
as tile stack's cells. The auxiliary cell is coupled to the 
oxygen-feed and hydrogen-feed manifolds so that tiie 
ss auxiliary cell will operate under the same temperature, 
pressure. CO-concentration, H2 flow rate, and humidity 
conditions as the stack's cells operate. The auxiliary 
cell, like the stack's cells, has an anode and cathode 
affixed to opposite sides of a proton exchange mem- 
40 brane and confront flow channels tiiat receive hydrogen 
and oxygen from tfie hydrogen-feed and oxygen-feed 
manifolds supplying tiie stack. The auxiliary celPs cur- 
rent and voltage are measured and plotted over a pre- 
determined time interval to provide a current behavior 
46 pattern and a voltage behavior pattern. These behavior 
patterns are tiien compared to cun^ent and voltage sig- 
natures which have been previously generated enpiri- 
cally from a reference cell which is similar to tiie 
auxiliary cell and has been discharged through a test 
so load which has the same resistance as the constant 
load conriected to ttie auxiliary cell. For exanple. ttie 
reference cell is operated over a wide range of known 
CO-concentrations in the H2 feed stream to develop a 
library of signatures con-esponding to different CO-con- 
55 centrations. Several (eg.. 30 or more) test runs are 
made for each of the CO-concentrations. and the sev- 
eral signatures obtained for each concentration are 
averaged to yield an average signature for each CO- 
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concentration. A tolerance or allowable deviation is then 
assigned to each averaged signature, and the average 
signatures (i.e.. with allowable tolerance) are then com- 
pared to the current and voltage behavior patterns gen- 
erated by the auxiliary cell. A substantial match 5 
between the auxiliary cell's pattern and a signature from 
the reference cell provides knowledge about the CO- 
concentration, which knowledge is used to predict when 
undesirat^e operating conditions (e.g.. anode poison- 
ing) are likely to occur in the stack. Hie voltage and cur- w 
rent behavior patterns of the auxiliary cell are compared 
to the voltage and current signatures provided by the 
reference fuel cell using conventional pattern recogni- 
tion technology. When abnormal or undesirable stack 
operating conditions are evident, corrective measures is 
are initiated such as alerting the stack's operator of 
inpending problems, and/br automatically initiating pre- 
ventive procedures to avoid or mitigate future problems 
with the stack. 

To increase the sensitively of the auxiliary cell, the 20 
electrodes of the auxiliary cell will preferably have a 
lower catalyst loading (i.e. g/cm^) than the stack's cells. 
Preferably, the surface area of the electrodes in the 
stack's cells is greater than the surface area of the aux- 
iliary cell's electrodes. Most preferably, the surface area 2s 
of the auxiliary cell's electrodes will be less than about 
10% that of the stack's electrodes, and the catalyst 
loading will be atx>ut half the catalyst loading in the 
stack's cells. 

The auxiliary cell preferably abuts an end cell in the 30 
stack. Most preferably, the auxiliary cell is separated 
from the end cell by an electrically conductive bipolar 
plate. The auxiliary cell includes a pair of terminals for 
withdrawing electrical current from the auxiliary cell, 
which current is caused to flow through a constant elec- 3s 
trical load connected across the terminals. A voltage 
sensing device senses any voltage fluctuations across 
the constant load over a predetermined time interval 
and outputs a voltage signal whk:h represents the 
behavior pattern of the voltage fluctuations over that 40 
interval. A current sensing device senses any current 
fluctuations through ttie constant load over a predeter- 
mined time interval and outputs a signal which repre- 
sents the behavior pattern of the current fluctuattons 
over that interval. A first data processing device serves 45 
as a data acquisition unit, and. using conventional tech- 
nology, samples the current and voltage signals, condi- 
tions the signals to filter out signal noise, and converts 
them to digital data streams. A suitable memory device 
stores predetermined voltage and cun^ent signatures so 
which have been determined empirically from a refer- 
ence cell similar to the auxiliary cell. These signatures 
are characteristic of auxiliary cells operating under a 
known constant electrical load and certain known oper- 
ating conditions such as varying CO-concentrations. ss 
Finally, a second data processing device (e.g.. a per- 
sonal computer) receives the digital data streams, plots 
a curve of the behavior pattern of the voltage and cur- 



rent fluctuations over a given time interval, and com- 
pares those voltage and current behavior patterns to the 
signatures determined from the reference cell in order 
to match, or otiienwse identify, at least one of tiie signa- 
tures that is substantially similar to the behavior pattern 
being compared. Based on the known operating condi- 
tion of cells that produce a matching such signature, the 
operating condition of the stack Is determined. Any such 
condition (e.g.. high CO-concentrations) that portends 
future stack difficulties (e.g. CO poisoning) can be iden- 
tified and corrective action can be initiated, in addition to 
high CO-concentrations. other operating conditions that 
could also be tracked using ttie pattern recognition prin- 
dple of tills invention include H2O f loocGng of the cath- 
ode. Improper humidification, improper pressurization. 
and over heating, inter alia. 

Processwise, a preferred embodiment of the inven- 
tion contemplates a method for monitoring the operating 
conditions of a stack of H2-O2 PEM fuel cells, such as 
described above, and triggering oonrective action when 
the early stages of an urKlesirable operating condition 
are indicated. The process comprises the steps of: (i) 
discharging the auxiliary fuel cell described at^ove 
tiirough a constant electrical load; (ii) sensing voltage 
fluctuattons across the constant load over a predeter- 
mined time interval during the discharge, and generat- 
ing a voltage signal representative of the behavior 
pattern of those voltage fluctuations. over that interval; 
(iii) sensing current fluctuations through the load over a 
predetermined time interval during the discharge, and 
generating a current signal representative of the behav- 
ior pattern of those current fluctuations over that inter- 
val; (iv) converting the voltage and current signals to 
digital data streams; (v) from a reference fuel cell similar 
to the auxiliary fuel cell and discharging through a test 
load having the same resistance as the constant electri- 
cal load across the auxiliary cell, determining a plurality 
of voltage and current signatures over a wide range of 
known operating conditions (e.g.. CO-concentrations in 
the H2 feed stream); (vi) storing the voltage and current 
signatures in a readable memory; (vii) conparing the 
voltage behavior patterns from the auxiliary fuel cell to 
the voltage signatures of the reference fuel cell to iden- 
tify at least one of the voltage signatures that is substan- 
tially similar to tiie voltage behavior pattern being 
compared; (vili) comparing the current behavior pat- 
terns from the auxiliary fuel cell to the current signatures 
of the reference fuel cell to identify at least one of the 
current signatures that is substantially similar to the cur- 
rent behavior pattern being compared; and (ix) issuing a 
warning if a behavior pattern is substantially similar to a 
signature that is indicative of the early stages of an 
undesirable operating corxJition (e.g., high CO-concen- 
trations) that portends future operating difficulties (e.g., 
anode poisoning) for the stack. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be better understood when con- 
sidered in the light of the following detailed description 
thereof which is given hereafter in conjunction with the 
following drawings of which: 

Rgure 1 is a schematic illustration of a bipolar. PEM 
fuel ceil stack, and auxiliary fuel cdl monitoring sys- 
tem therefor in accordance with the present inven- 
tion; 

Figure 2 illustrates an exploded* sectioned, per- 
spective view of a stack fuel ceil and abutting auxil- 
iary fuel cell according to one embodiment of the 
present invention; 

Rgure 3 illustrates an exploded, sectioned, per- 
* • spective view of a stack fuel cell and atxjtting auxil- 
. iary cell in accordance with another embodiment of 
j ' the present invention; and 

Figure 4 is a flow diagram of the process of the 

present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

Figure 1 depicts a stack 2 of individual fuel cells 4 
each comprising a MEA 6 having a proton conductive 
resin membrane 8 sandwiched between an anode 10 
on one surface thereof and a cathode 12 on the oppo- 
site surface thereof. A cathode flow channel 14 is pro- 
vided adjacent tiie cathode 12 for flowing an oxygen- 
rich gas (i.e., preferably air) by, and into contact with, the 
cathode 12. Similarly, an anode flow diannel 16 is pro- 
vided adjacent the anode 1 0 for flowing hydrogen fuel 
by. and into contact with, the anode 10. The membrane 
8 will preferably comprise a perfluoronated sulfonic add 
polymer such as NAFION™ as is well known in the PEM 
fuel cell art. Each individual cell 4 is separated from the 
next cell 4 in the stack by a bipolar plate 18. which is a 
conductive plate (e.g., metal, cailDon, etc.) which sepa- 
rates the several cells one from the next while conduct- 
ing electrical current in electrical series cfirectiy from 
one cell to the next. The bipolar plates 18 each have a 
plurality of ribs 20 and 22 (see Figures 2 and 3) on 
opposite faces tiiereof defining the flow channels and 
engaging the cathode 12 and anode 10 respectively, for 
supporting the MEA and collecting current therefrom. 
The nt>s 20 and 22 define a plurality of grooves 24 and 
26 respectively through which tiie H2 and O2 flow 
across the anode and catiiode surfaces. End plates 28 
and 30 terminate tiie stack 2 and define the respective 
cathode and anode flow channels for the end cells 32 
and 34 of tiie stack 2. An oxygen-feed manifold 36 sup- 
plies air to the several cathode flow channels 14. Simi- 
larly, an hydrogen-feed manifold 38 supplies hydrogen 
fuel to the several anode flow channels 1 6. An hydrogen 
exhaust manifold 40 collects anode exhaust gas from 
the several anode flow channels 16 and recirculates it 
back to the hydrogen feed manifold 38 for reuse. Simi- 



larly, a catiiode exhaust gas manifold 42 collects 
exhaust gas from the cathode flow diannels 14. 

Stack performance can degrade for a number of 
reasms including cariDon monoxide poisoning of the 
5 anode catalyst. Such poisoning is a potential problem 
when tiiere is excess (i.e., more than about 20 PPM) 
CO in the hydrogen-feed stream which can result from 
inefficient methanol/hydrocartx)n reforming, shift and/or 
PROX reactions known to artesans skilled in tills art. 
10 When the presence of excess CO is evident, efforts 
must be made to connect the problem at Hs source. 
Decontamination of anode catalyst that has already 
been contaminated by the CO is also advisable. To 
decontaminate the catalyst hydrogen flow to the anode 
IS is discontinued when the stack is idle, and air/02 
pumped through the anode flow channel 1 4 to purge the 
CO from anode catalyst When the CO has been purged 
from the catalyst, the air/02 flow is discontinued, the 
anode f taw channel purged of tiie air/Oa (e-9-. witfi nitro- 
20 gen), and finally tiie hydrogen flow reestablished. 

The present Invention is directed to method and 
apparatus for monitoring the performance of a PEM fuel 
cell stack in such a manner as to be able to detect when 
undesirable operating conditions (e.g., high CO-con- 
25 centrations in the H2) exist that portend major future 
stack difficulties (e.g., anode poisoning), and to initiate 
corrective action when such action is warranted. Pattern 
recognition technology provides a means for reliably 
measuring low levels of CO concentration in substan- 
30 tially real tima An auxiliary fuel cell 44 is provided 
whose electrical performance, under constant load con- 
ditions, has been conrelated to the electrical perform- 
ance of a substantially identical reference fuel cell 
whose electrical performance under certain operating 
35 conditions is known. Thereafter, monitoring tiie electi*!- 
cal performance of the auxiliary cell 44 and comparing it 
to the expected performance under known conditions 
provides a direct knowledge of ongoing operating condi- 
tions of the cells 4 comprising the stack 2. From this 
40 knowfledge, the time when future stack difficulties are is 
likely to occur can be predicted. Like the cells that com- 
prise the stack 2, the auxiliary cell 44 includes an anode 
46 and cathode 48 on the opposite surfaces of a proton 
exchange membrane 50. The auxiliary fuel cell 44 is 
45 attached to tiie end of the stack 2 so as to abut tiie end 
plate 30 of the stack 2 such tiiat tiie end plate 30 func- 
tions as a bipolar plate separating the anode 10 of the 
end cell 34 from ttie cathode 48 of the auxiliary cell 44. 
The auxiliary cell 44 includes an anode flow channel 52 
50 which communicates with the hydrogen-feed manifold 
38, and a catiiode flow channel 54 which communicates 
wrtii the oxygen-feed manifoW 36 such that tiie anode 
flow channel 52 and tiie catiiode ffow channel 54 are 
exposed to the hydrogen-feed stream and the oxygen- 
55 feed stream at the same temperature, pressure, CO- 
concentration in the H2 feed stream, and humidity as 
the fuel cells that comprise the stack 2. 

As best shown in Rgure 2, the auxiliary cell 44 may 
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be essentially identical to the cells 4 that make up the 
stack 2. Preferably, the auxiliary cell 44 will have a lower 
catalyst loading than the stack cells 4 to increase its 
sensitivity to low CO-concentrations. Most preferably 
and as best shown in Figure 3, individual ceils 4 com- 
prising the stack 2 will have anodes 1 0 and cathodes 1 2 
whose surface areas are much greater (e.g., as much 
as 10X greater) than the surfece areas of the anode 46 
and cathode 48 of the auxiliary cell 44. This, coupled 
with lower catalyst loadings, provides an auxiliary cell 
with heightened CX)-concentratk>n sensitivity. By way of 
example, an H2-O2 PEM fuel cell stack 2 having individ- 
ual cells 4 with about 100 in^ of electrode area, can be 
effectively monitored with an auxiliary cell 44 having an 
electrode area of about 1 in^ to 2 in^, and about one half 

I . the catalyst loading (i.e. g/cm2) of the stack celts 4. 
Such a reduced area auxiliary cell 44 need only dis- 

( • charge tiirough a constant load of 0.6 ohms to be effec- 
tive. The auxiliary cell 44 will typically operate with 
closed circuit voltages of about 0.6 to about 0.9 volts 
arKi currents of about 1 to 2 amps. 

As best shown in Figure 1. the stack 2 is electrically 
connected to an electrical load 54 such as the traction 
motors of an electric vehicle. Such loads vary signifi- 
cantly depending on driving conditions. Because of the 
varying load 54. monitoring the voltage arxi current flow 
in the circuit 56 cannot be used as a reliable indicator of 
the CO-concentration in the H2 stream. The auxiliary 
cell 44. on the other hand, is coupled to a constant load 
58 via circuit 60. A voltage sensing device 62 (e.g., volt- 
meter) senses the voltage across the load 58 while a 
current sensing device 64 (e.g., ammeter) senses the 
current flowing in the circuit 60. The voltage sensing 
device 62 may be any such device as is well known in 
the art and is capable of outputting a signal 66. The cur- 
rent sensing device 64. on the other hand, may either be 
(1) a discrete such device as is well known in the art and 
is capable of outputting a signal 68. or (2) may be the 
voltage sensing device 62 from which cun^ent can auto- 
matically be calculated using Ohm's law. The output sig- 
nals 66 and 68 of voltage sensing device 62 and cun-ent 
. sensing device 64 respectively are inputted into a con- 
ventional high speed analog to digital converter 69 (i.e., 
data acquisition unit) which conditions the signal to 
eliminate noise, and generates digital data streams 70 
and 72. The converter 69 will preferably operate at a 
speed of at least 1000 Hz since very high sampling 
rates are needed to measure second and third order 
effects in patterns. A preferred such high speed con- 
verter useful for this purpose is a SCU-4 data acquisi- 
tion system soki by Generic Insti-uments and Systems 
Corporation (GenlAS™), as it is capable of reading 
inputted data, and making all computations, in real time. 

The current and the voltage are both sampled on a 
regular basis (e.g., every 10 to 100 milliseconds). The 
resulting signals are conditioned, and the average volt- 
age and current are plotted over a specified interval of 
time e.g. from about 100 milliseconds to about 10,000 



millisecorKis. These plots depict the behavior patterns 
for the voltage and the current over that time interval. 
These behavior patterns are inputted as data streams 
70 and 72 into the data processor 74 where they are 

5 compared to predetermined reference current signa- 
tures and voltage signatures stored in memory 76. The 
reference voltage and current signatures are empirically 
determined before hand from a reference cell which is 
similar to the auxiliary cell 44, is discharged through a 

10 constant load having tiie same value as the constant 
load 58 across the auxiliary cell 44, and is operated over 
a wide range of carbon monoxide concentrations (nor- 
mal and abnormal) in the H2 feed stream. A large library 
of such signatures is stored in the memory 76, and is 

IS available for the comparison to the voltage and current 
behavk>r patterns produced by tiie auxiliary cell 44 . The 
voltage behavior pattern and the current behavior pat- 
tern of the auxiliary cell 44 are compared to each of tiie 
many reference voltage and current signatures on f He in 

20 the memory 76 until at least one of the reference cun'ent 
signatures closest to the behavior pattern of the auxil- 
iary cell's current is identified, and/or one of the refer- 
ence voltage signatures closest to the behavior pattern 
of the auxiliary cell's voltage is identified. Once a 

25 ''match" is made between a reference signature and a 
behavior pattem, the CO-concentiation in the H2 feed 
stream is determined from which the time-to-poison- 
ing" can be estimated if the concentration is abnormally 
high. A perfect match between the behavior patterns 

30 and the signatures is not necessary. Rather, a suitable 
match will be found if the signature is substantially sim- 
ilar to the behavior pattern with which it is being com- 
pared. By "substantially similar" is meant a degree of 
similarity that fells witiiin certain pattern recognition tol- 
as erances that the stack designer or operator can include 
in the pattern recognition software to be described here- 
after. These tolerances permit a "match" to be made 
even though the signature and the pattern are not iden- 
tical. 

40 The data processor 74 includes a common digital 
computer with associated read-only memory (ROM), 
read-write random access memory (RAM), electrically 
programmable read-only memory (EPROM), memory 
for storing a library of predetermined reference current 

45 and voltage signatures for comparing to voltage and 
current patterns produced by the auxiliary cell 44, and 
input/output sections which interface with tfie A-D con- 
verter 69 and a stack control module 78 that controls the 
operation of the stack 2. The read-only memory (ROM) 

so of the digital computer contains the instructions neces- 
sary to implement the basic input/output instructions. 
The electrically programmatMe read-only memory 
(EPROM) contains the instructions necessary to imple- 
ment the data processor's own internal control, data 

55 manipulation, and communication algorithms. The proc- 
essor 74 communicates with the A-D converter 69 and 
the control module 78 by means of any appropriate 
communication network protocol, many of which are 
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known in the art, A standard 486 or Pentium computer 
with 16 meg of RAM. Running Windows® 3.1 or Win- 
dows® 95. and fitted with an ACB 530 bus control board 
is adequate for this purpose. A specific program for car- 
rying out the functions of the processor 74 may be 
accomplished by standard skill in the art using conven- 
tional information processing languages. 

Pattern recognition programs are known in the art 
and have been used for numerous applications such as 
to (1) identify sea creatures from their acoustic patterns. 
(2) identify body hormonal changes from sensor meas- 
urements, (3) identify the fracture point in a tool using 
vibration patterns. (4) klentify land vehicles from their 
acoustic and seisrrac signatures, (5) identify wear pat- 
terns in materials from thickness measurements, (6) 
identify intruders in secure areas using microwave and 
IR measurements (7) identify automotive intrusion from 
shock and acoustic patterns, and (8) identify faulty 
power-seat assemblies from acoustic patterns, inter 
alias. Prefen-ed pattern recognition software for the fuel 
cell monitoring technique of the present inventfon is 
essentially analog pattern recognition software which, 
based on current arvJ voltage measurements taken 
periodically over specified time intervals, is capable of 
creating voltage and cunrent behavior patterns that can 
be compared to reference current and voltage sic^a- 
tures within a defined tolerance range. From such com- 
parisons, the carbon nfK5nQxide concentration in the 
feed stream to the stack can be determined, and tiiere- 
from tiie remaining useful life of tiie stack can be pre- 
dicted before the anode is poisoned. A preferred such 
pattern recognition software is commercially available 
under the name Failure/Wear Predictor™ (FWP)™ com- 
mercially available from the GenlAS™, supra. The 
FWP™ software has embedded therein GENMATCH™ 
software (also sokJ by GenlAS™). which Is a program- 
mable analog pattern recognition program which can 
simultaneously measure an arbitrary number of pattern 
features, and Includes three different tolerances for 
addressing several features of a pattern rather than just 
a single feature (e.g., a peak) thereof. That software 
consists of a template-matching process kased on a ref- 
erence signature created in advance from a reference 
cell operated under controlled conditior^. It is neither 
amplitude-sensitive nor time-sensitive in tiiat input sig- 
nals over wide dynamic ranges (e.g., microvolts to volts 
taking place over periods from nanoseconds to min- 
utes) are normalized to just 600 dimensioniess units in 
amplitude (Y axis) and 2000 dimensioniess units in time 
(X axis). Following normalization of the signals, an 
accumulated slope, known as "anglesunt", is computed 
for each of the 2000 data points of the normalized Irput 
data while traversing the signal contour. Anglesum is 
proportional to the accumulated slope of the. curve in 
such a way tfiat as the curve increases along a positive 
slope the anglesum increases in magnitude, arxl as the 
curve decreases along a negative slope the anglesum 
decreases in magnitude. The pattern recognition proc- 



ess utilizes the anglesum values, within defined toler- 
ances, as defined in the reference signatures. In this 
regard, all reference signatures contain a series of inter- 
vals wherein anglesum values and tolerances are used 
5 to characterize each interval. These intervals €ire the 
discriminating factors used for signal recognitioi. If the 
intervals from ttie reference "match" (i.e.. with consider- 
ation of all tolerances) like intervals in the behavior pat- 
terns from tiie auxiliary cell, a "match" is declared and 
10 identification is complete. The program uses two Inter- 
val types for its recognition process: so-called "key" and 
"standard" inten/als. The key intervals allow phase 
acQustment of the reference signatures to the behavior 
patterns from the auxiliary cell as well as a first pass dis- 
75 crimination by the recognition process. The standard 
intervals are tiien used for the remaining recognition 
process. Key intervals are selected for uniqueness and 
serve to minimize search/comparison time tiirough tiie 
reference sigrature database as well as to phase align 
20 tiie reference intervals with the data being identified. 
Hence, key intervals allow the software to quickly ascer- 
tain whetiier tiie behavior pattern contains tiie initial 
characteristics required by the reference signature. If 
tiie characteristics of the key interval are found in the 
25 auxiliary cell pattem. a full comparison is initiated using 
tiie remaining standard intervafa Standard Inten/als 
are, by definition, all intervals other than tiie key inter- 
vals. For the auxiliary cell's behavior pattern to contain 
tfie characteristics of the reference key intervals, it must 
30 satisfy two criteria. First, the anglesum values of the ref- 
erence signatures must match corresponding anglesum 
values in tiie auxiliary ceirs pattem. within the same 
intervals. Second, the separation (number of data 
points apart) of the two intervals must be the same as 
35 tiiat in the reference signature. Hence, it is both the 
intervals and their separation which determine a match. 

The reference signature template consists of a 
series of signal intervals to which both X and Y toler- 
ances are assigned. Each signature can be divkied into 
40 as many as 2000 segments each of which is bounded 
Ijy a signal maximum and minimum. The behavior of the 
signal between segment boundaries is modeled by a 
measurement including amplitude change, average rate 
of amplitude change, and instantaneous rate of ampll- 
45 tude change. Tolerances can be assigned in three 
areas, for each segment, i.e.. so-called "anglesum toler- 
ance", "bit tolerance" and "masking tolerance". Bit toler- 
ance identifies ttie number of elements (points) beyond 
the start and end points of tiie specified reference inter- 
so val within which the matching process searches for an 
anglesum match. For exaiiiple. conskfer a reference 
interval witii start and end points at data elements 65 
and 135. respectively, and a bit tolerance of 5. The 
matching process will then look at anglesum values in 
ts the signal pattern witfi start and end pdnts of (60, 1 30). ^ 
(61. 131). (62. 132). (63. 133). (64, 134). (65. 135). (66. ' 
136). (67. 137). (68. 138). (69. 139), and (70. 140). 
when trying to match with tiie reference interval 
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anglesum. If the bit tolerance = 0. then the anglesum of 
the corresponding interval in the data is compared 
directly to the anglesum of the corresponding interval in 
the reference pattern. Anglesum tolerance provides an 
allowance for variation in the anglesum values being 5 
compared. This tolerance dictates the allowable enror in 
anglesum values between an interval in a reference sig- 
nature and a corresponding interval In the auxiliary 
cell's data set. Consid^ a reference interval with start 
point at 65 and end point at 1 35 with an anglesum value w 
= 100. bit tolerance s 0. and anglesum tolerance = 5. 
The intervals will match if the anglesum for the signal 
data interval starting at 65 and ending at 135 is within 
the range of 95 ^ signal anglesum ^ 105. Masking toler- 
ance stipulates the number of non-matching intervals is 

I . that can ectst and still provide recognition. For example, 
consider a reference pattern with 30 intervals and a 

( • masking tolerance equal to 5. If the number of reference 
intervals fbund to match corresponding intervals in the 
signal data set is ^ 25 there is a match. Othenwise. the 20 
reference signature does not match the auxiliary cell's 
behavior pattern. 

During the matching process, the software moves 
the reference signature segment (the template) back 
and forth along the X-axis within the limits set by the bit 2S 
tolerance. The software looks for a match with a data 
segment from the auxiliary cell's behavior patterns hav- 
ing an anglesum between the selected upper and lower 
tolerance limits. Essentially then, the matching process 
is as follows: (1) a specified width of voltage and current so 
data is extracted from the auxiliary cell; (2) this data is 
normalized to an anglesum of 600 points, and an ele- 
ment composition of 2000 points; (3) the reference sig- 
nature template is moved across the data set from the 
auxiliary cell; (4) when a match is fbund with certain key 35 
intervals, the template and auxiliary cell data sets are 
locked in phase, and each data set is jittered in phase 
along tiie X-axis looking for the anglesum match; and 
(5) if the number of data segments specified by the 
masking tolerance is met. the auxiliary cell data set is 40 
considered to match the template. When such a match 
. is made, tiie CO-concentration in tiie H2 feed stream is 
determined. Moreover, when abnormal conditions are 
evident (e.g., high CO-concentration), the time to poi- 
soning of the stack is calculated by the software based 45 
on a target set by the stack designer or operator. In this 
latter regard, the software accepts voltage (Va) and cur- 
rent (I/O measurement inputs from the auxiliary cell 44. 
measures changes in the behavior patterns embedded 
in those measurements, computes a stack degradation- so 
factor for CO poisoning, and extrapolates the degrada- 
tion-fector to tiie limit set by tiie stack's designer/opera- 
tor as being the point where corrective action needs to 
be taken. Impending CO poisoning may be displayed 
via colored LEDS, indicated audibly (e.g. a buzzer) or ss 
conective procedures may be automatically initiated 
through tiie control module 78 for tiie stack. 

The processor 74 is programmed to perform the 
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process depicted in Rgure 4. That is to say. digitized 
voltage (V^) and current (1^) values from the data acqui- 
sition unit 69 are fed to the processor 74 which calcu- 
lates tiie behavior patterr^ thereof as I » f (t) and 
V B f (t) over a predetermined increment of tihie. These 
behavior patterns are then compared to the reference 
signatures stored in memory 76. If a behavior pattern 
and a reference signature substantially match (as 
described above) a warning to the operator, or control 
signal to the stack control module 78 is issued to take 
corrective action. The processor electronically periodi- 
cally repeats the process according to a predetermined 
rhytiim or pattern. That is to say, every so many millisec- 
onds (e.g. about 1 to 3 seconds), all of the steps shown 
in Figure 4 are repeated. The frequency with which 
these steps are repeated may vary considerably, and 
will preferably be relatively infrequent when the auxiliary 
ceil (and hence the stack) is operating under normal, 
steady state conditions and no imminent trout^le is indi- 
cated. However, when the early stages of a potentially 
troublesome condition is evident (e.g.. CO-concentra- 
tion in the H2 stream rises), the frequency with which 
the steps are repeated will increase so that the develop- 
ing concfition can be monitored more effectively. 

The apparatus and process described above can 
be used to identify and track the progress of a variety of 
operating conditions that can affect tiie performance of 
a PEM fuel cell. Hence for example, in addition to track- 
ing CO-concentrations in the H2 stream as discussed 
above, the pattern recognition technique of the present 
invention can also be used to track such other operating 
conditions as H2O fkxxiing of the cathode, improper 
humidification, Improper stack pressurization, over 
heating etc. H2O flooding of the cathode, for example, is 
trout^lesome and results from excessive water building 
up on the cathode side of the MEA where H2O normally 
forms during the fuel cell's discharge reaction. If not 
enough H2O is removed tiierefrom by tiie cathode air 
stream, the H2O effectively drowns tiie catalyst and 
reduces its effectiveness to catalyze the O2 reaction. If 
flooding does occur, tiie condition can be cured, and its 
affects can be minimized, by periodically flowing excess 
air tiirough tiie cathode fbw channel until the cathode 
dries suffldentiy. 

While the invention has been disclosed in terms of 
a specific embodiment thereof it is not intended to be 
limited thereto, but ratiier only to the extent set fbrtii 
hereafter in the claims which follow. 

Claims 

1. In a fuel cell system comprising (a) a stack of PEM 
H2-O2 fuel cells each comprising principally a pro- 
ton exchange membrane having an anode and a 
cathode affixed to opposing first and second sur- 
faces thereof, a first flow channel adjacent saki 
anode for flowing hydrogen into contact with sakJ 
anode, and a second flow channel adjacent sakJ 
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cathode for flowing an oxygen-bearing gas into con- 
tact with said cathode, said stack having a first end 
cell at one end of said stacK a second end ceO at 
the opposite end of said stad^, a pluraDty of addi- 
tional ceils intermediate said end cells, (b) an oxy- 5 
gen-feed manifold supplying oxygen to sakj cells, 
(c) an hydrogen-feed manifold supplying hydrogen 
to said cells, and (d) an external electrical device 
having a variable electrical load connected to said 
end cells for receiving electrical current from said 10 
stack fbr operating said device, the improvement 
comprising: 

(i) an auxiliary PEM H2-O2 fuel ceil having third 
and fourth flow channels respectively receiving 15 
hydrogen from sakJ hydrogen-feed manifdd 
and oxygen from said oxygen-feed manifold 
under the same temperature, pressure. CO 
concentration. arKi humidity conditions as the 
cells of said stacK said auxiliary cell compris- 20 
ing a pair of terminals fbr withdrawing electrical 
current from said auxiliary cell; 

Gi) a constant electrical load connected to said 
terminals; 2s 

(iii) a voltage sensing device fbr sensing volt- 
age fluctuations across said constant load over 
a predetermined time interval and outputting a 
voltage signal having a behavior pattern indk»- so 
five of such voltage fluctuations; 

(iv) a current sensing device for sensing current 
fluctuations through said constarrt load over a 
predetermined time interval and outputting a 3S 
cuirent signal having a behavior pattern indfca- 
tive of such cun^ent fluctuations; and 

(v) a monitor receiving said voltage and current 
signals, conrparing the behavior patterns of 40 
such signals to predetermined reference volt- 
age and cunent signatures indicative of the 
physical condition of the auxiliary cell, and 
hence the stacK and outputting a warning sig- 
nal when tiie early stages of an undesirable 4S 
operating condition is indicated. 

2, In a fuel cell system comprising (a) a stack of PEM 
H2-O2 fuel cells each comprising principally a pro- 
ton exchange membrane having an anode and a so 
cathode affixed to opposing first and second sur- 
faces thereof, a first flow channel adjacent said 
anode for flowing hydrogen into contact with said 
anode, and a second flow channel adjacent said 
catiiode for f lowirig an oxygen-bearing gas into con- ss 
tact witti sakJ catiiode, said stack having a first end 
cell at one end of said stacK a second end cell at 
tile opposite end of said stack, a plurality of addi- 



tional cells intermediate said end cells, (b) an oxy- 
gen-feed manifold supplying oxygen to said cells, 
(c) an hydrogen-feed manifold supplying hydrogen 
to said cells, and (d) an extemal electrical device 
having a variable electrical load connected to saki 
end cells for receiving electrical current from saki 
stack for operating said device, tine inrprovement 
comprising: 

(0 an auxiliary PEM hfe-Oa fuel cell having an 
anode and catiiode affixed to opposite skies of 
a proton exchange membrane and confronting 
third and fourth flow channels respectively 
receiving hydrogen from saM hydrogen-feed 
manifold and oxygen from said oxygen-feed 
manifoW under the same temperature, pH-es- 
sure, CO-concertration, and humklity condi- 
tions as tile cells of sakJ stacK said auxiliary 
cell having had its electrical performance under 
varying operating conditions correlated to tiie 
physical condition of said stack and comprising 
a pair of terminals for withdrawing electrical 
current from sakJ auxiliary cell; 

(li) a constant electrical load connected to said 
terminals; 

(iii) a voltage sensir^ device for sensing volt- 
age fluctuations across said constant foad over 
a predetermined time interval and outputting a 
voltage signal having a behavior pattern indica- 
tive of such voltage fluctuations; 

(iv) a current sensing device fbr sensing cun^ent 
f luchjations through said constant load over a 
predetermined time Interval and outputting a 
current signal having a behavior pattem indica- 
tive of such current fluctuations; 

(v) a data processing device for sampling said 
signals and converting them to a digital data 
stream representing said behavior patterns; 

(vi) a memory device for storing reference val- 
ues representing predetermined voltage and 
current signatures which are characteristically 
produced from an auxiliary cell discharging 
through said constant electrical load and 
known to have a particular physical condition, 
said signatures having been derived enplri- 
cally from a reference cell similar to said auxil- 
iary cell which has been discharged through a 
constant load having the same value as sakf 
constant load and operated under a variety of 
cell operating conditions; and 

(vii) a data processing device (a) receiving said 
digital data stream, (b) comparing said voltage 
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and current behavior patterns to said signa- 
tures to identify at least one of said signatures 
that is substantially similar to the behavior pat- 
tern being compared arKi therefrom determin- 
ing the present physical condition of the stack 5 
cells that portend future stack difficulties, and 
(c) issuing a warning signal if such difficulties 
are indicated. 

3. A fuel cell system according to claim 2 wherein said 10 
auxiliary fuel celt abuts one of said end cells. 

4. A fuel cell system according to claim 3 wherein one 
of saki third and fourth flow channels of said auxil- 
iary cell is separated from one of said first arKf sec- is 
ond flow channels of one of said end cells by a 
partition. 

5. A fuel cell system according to claim 4 wherein said 
partition comprises an electrically conductive bq30- 20 
lar plate. 

6. A fuel cell system according to claim 1 wherein the 
surface areas of the anode and cathode in each of 
the fuel cells in said stack are greater than the sur- 
face areas of the anode and cathode of the auxiliary 
cell, and the anode and cathode of sakJ auxiliary 
ceil have catalyst loadings which are less than the 
catalyst loadings of the anodes and cathodes of the 
fuel cells in said stack. 

7. A fuel cell system according to claim 1 wherein the 
anodes and cathodes for the ceils in said stack 
each includes a first and second catalysts respec- 
tively, and the anode and cathode of said auxiliary 
cell each include a third and fourth catalysts 
respectively saki third and fourth catalysts being 
compositionally different than sakJ first and second 
catalysts. 

8. A method for monitoring the performance of a stack 
of H2-O2 PEM fuel cells and initiating corrective 
action when the early stages of an undesirable 
operating condition are indicated, said stack having 
an oxygen-feed manifold and a hydrogen-feed 
manifold supplying oxygen and hydrogen respec- 
tively to sakJ cells, sakJ manifokls being coupled to 
an auxiliary H2-O2 PEM fuel cell so as to supply 
said auxiliary fuel cell with oxygen and hydrogen at 
the same temperature, pressure, CO-concentra- so 
Won, and humidity as said oxygen and hydrogen are 
supplied to said fuel cells in said stack, comprising 
the steps of: 

(i) discharging said auxiliary fuel cell through a ss 
constant electrical load; 

00 sensing voltage fluctuations across said 



constant load over a predetermined time inter- 
val during said discharge, and generating a 
voltage signal having a voltage behavior pat- 
tern indicative of such voltage fluctuations; 

(iii) sensing current fluctuations through said 
load over a predetermined time interval during 
said discharge, and generating a current signal 
having a cun'ent behavior pattern indicative of 
such current fluctuations; 

(iv) converting said signals to a digital data 
stream; 

(v) from a reference fuel cell similar to said aux- 
iliary fuel cell and discharging through a test 
load having the same resistance as sakI con- 
stant electrical foad, deternnining a plurality of 
reference voltage and current signatures which 
are correlated to specific known operating con- 
ditions of the reference fuel cell; 



(vi) storing said reference voltage and current 
signatures in readable memory: 

2S 

(vii) comparing the voltage behavior patterns 
from said auxiliary fuel cell to the voKage signa- 
tures of said reference fuel cell to klentify at 
least one of said voltage signatures that is sub- 

30 stantially similar to the voltage behavior pattern 

being compared; 

(vlii) conparing the current behavior patterns 
from sakJ auxiliary fuel cell to the current signa- 
35 tures of the reference fuel cell to kJentify at 

least one of saki current signatures that is sub- 
stantially similar to the cunrent behavior pattern 
being compared; and 

40 (ix) issuing a warning if a said behavior pattern 

is suk)stantially similar to a said signature that is 
indicative of tiie early stages of an undesirable 
operating condition tiiat portends future operat- 
ing difficulties for tiie stack. 



45 



9. A method according to claim 8 wherein tiie fuel cell 
stack operating condition being monitored is CO 
poisoning of the anode. 
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Fig.1. 
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Fig.2. 
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Fig.3. 
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Fig.4. 
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